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Note: Document has been updated (Nov. 2020) to reflect wave energy resource at centroid of PacWave South 

test site and northeast corner of PacWave North test site. The previous edition described wave energy at a 

location ~1 mile east of PWS centroid. New results prove the resource has not changed significantly between 

the two locations, and all conclusions from the previous edition still stand. 

1 INTRODUCTION 

The Pacific Northwest of the United States is characterized by one of the greatest annual 
mean wave power resources in the world [1]. As a result, the wave energy resource offshore of 
Oregon has been characterized, through hindcast models and physical buoy data, throughout the 
past decade [2]ς[4]. Over the past 8 years, Oregon State University (OSU) has been developing 
an open-ocean wave energy test facility, PacWave, which is affiliated with the Pacific Marine 
Energy Center (PMEC). The facility consists of north and south test sites off the coast of Newport, 
Oregon.  

This report contains detailed analysis of wave characteristics at both the north and south 
sites based on a newly available 32-year SWAN hindcast simulation [5] and follows the 
recommendations issued by the International Electrotechnical Commission (IEC) technical 
specification (TS) 62600-101 for wave energy resource assessments [6]. This assessment aims to 
build upon the previous wave energy characterizations in the region and provide the most up-to-
date characterization of the wave energy resource at PacWave. 

2 NEWPORT BUOYS AND SWAN HINDCAST MODEL 

There are various sources for physically observed sea state data in the PacWave region. 
PMEC measured meteorological, wind, wave, current, and ocean surface salinity and 
temperature data at PacWave South from November 2014 through January 2015, and again from 
May 2015 through December 2015. Additionally, the Ocean Observatories Initiative of the 
National Science Foundation has collected physical wave data spanning from January 2015 

through April 2019; located at 44̄оуΩнмέb 124̄муΩмрέ² and 80 m depth. In the general vicinity 
are multiple National Oceanographic and Atmospheric Administration (NOAA) National Data 
Buoy Center (NDBC) stations as well, from which various data are highlighted in this report. 

The specific location of the model for the purpose of this assessment is the PacWave North 

site at 44.7021̄N, 124.146̄W and the PacWave South site at 44.557̄N, 124.229̄W, which are 
about 10 miles (16 km) apart and off the coast of Newport, Oregon, demonstrated in Figure 1. 
The point chosen for PacWave North is 0.3 miles north of the northeast corner of the test site 
while the point for PacWave South is almost in the exact center of the site. The mean depth at 
the PacWave North point is 53.0 m and 67.4 m for PacWave South. PacWave South results are 
examined in the main text of this report; corresponding PacWave North results can be found in 
the Appendix. 
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This wave resource assessment was conducted from the years 1980-2010, part of a 32-
year hindcast conducted by the Pacific Northwest National Laboratory (PNNL) [5], which operates 
within the U.S. Department of Energy. The hindcast model constructed by PNNL used nested-grid 
WaveWatch III (WW3) wave model on both global and regional scales [5]. The WW3 model was 
paired with a high-resolution, unstructured-grid Simulating WAves Nearshore (SWAN) model via 
traditional one-way nesting. Both models are forced by Climate Forecast System Reanalysis 
(CFSR) wind fields [5]. These models are classified as in between a Class 1 Reconnaissance study 
and a Class 2 Feasibility study by the IEC standard due to their temporal and spatial resolutions 
[4][5], therefore this IEC specification assessment can generally be classified as a Class 1 
Reconnaissance study [6]. 

 

Figure 1: PacWave North (PWN) and South (PWS) locations off the coast of central Oregon (PacWave, 2020) 

The use of SWAN with CFSR winds simulates nearshore wave processes along the U.S. West 
Coast, and was validated by observed buoy data from 28 wave buoys in the region. Wu et al. 
(2020) demonstrated the congruence between ǘƘŜ tbb[ ƳƻŘŜƭΩǎ prediction of IEC wave energy 
parameters and those recorded at physical buoy stations, accurately providing a reliable wave 
climate model in the nearshore region of interest [5]. Satisfactory accuracy was also achieved 
when comparing the spectra distributions in both frequency and directional domains at sites with 
extreme values, i.e. regions with maximum and minimum wave energy [4]. For detailed model 
validation methods and results, please see Wu et al., 2020 [5]. 
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The IEC standard states that a minimum of 10 years of data should be used for this type of 

assessment, however according to both the IEC specification and Yang et al. [4], a longer period 

of data may be necessary to quantify the low frequency climate variability and its effect on a 

wave energy resource assessment. This is highlighted in the wave resource results section of this 

assessment, where the long-term mean and its seasonal variability of each IEC wave energy 

resource parameters are analyzed.  

3 WAVE RESOURCE CHARACTERISTIC PARAMETERS 

The sea states are characterized with directional wave spectra, which are described below 
and sourced from the IEC TS 62600-101 [6]. The variance density described over the Ὥdiscrete 

frequency and Ὦ discrete direction is Ὓ .  

To calculate directionally unresolved (omni-directional) characteristic quantities, the two-
dimensional frequency-directional variance densities are transformed into one-dimensional 
frequency resolved variance densities of — increments such that: 

Ὓ  ВὛЎ—     (1)                 

Spectral moments of the ὲ  order, ά , are calculated from the frequency variance 
density by: 

      ά  ВὪὛЎὪ      (2) 

where Ὢ is the ith discrete frequency. Omni-directional wave power ὐ is the time averaged energy 
flux through a vertical cross section of unit diameter that extends from the seafloor to the 
surface, calculated by: 

ὐ ”ὫВ ὧȟὛЎὪЎ—ȟ       (3) 

where 

     ὧȟ  ρ               (4) 

where Ὧ is the wave number at the Ὥ  frequency and Ὤ is the mean sea level. 

The time-averaged energy flux across a plane normalized to direction — is defined as the 
directionally resolved wave power. This directionally resolved wave energy transport is the sum 
of the contributions of each component with a positive component in direction —, calculated by: 

 

ὐ ”ὫВ ὧȟὛЎὪЎ—ÃÏÓ—  —ȟ    ‏
‏ ρȟ    ÃÏÓ— — π

‏ πȟ    ÃÏÓ—  — π
 (5) 
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The maximum value of ὐ represents the maximum time averaged wave power propagating 
in a single direction and is denoted by ὐ . Angles in SWAN were calculated in Cartesian with 

east being the zero-degree bearing [7], and are adjusted such that North is the zero-degree 
bearing where necessary. 

A characteristic wave height of the given sea state is calculated using the zeroth spectral 
moment by: 

                                                                             Ὄ τ ά              (6) 

This is referred to as the significant wave height calculated from the wave spectrum, which is not 
the same value as the significant wave height calculated from a wave-by-wave analysis, ὌȾ. 

ὌȾ , commonly referred to as Ὄ, is a direct measure of significant wave height whereas Ὄ  is 

estimated based on the spectrum via (6).  

The preferred characteristic wave period for wave resource assessments is the energy 
period. Energy period is calculated using moments of the wave spectrum by: 

                                                                          ὝḳὝ                                                                  (7)   

The directionality coefficient is a characteristic measure of the directional spreading of 
wave power. It is the ratio of the maximum directionally resolved wave energy transport to the 
omni-directional wave energy transport: 

                                                                                Ὠ                (8) 

Spectral width characterizes the relative spreading of the energy along the wave 
spectrum, and provides an idea of the makeup of the sea state [8]. This parameter is defined 
using the moments of the wave spectrum as: 

                                    ‭  ρ     (9) 

 The preceding variables were outputs from the SWAN model used in the PNNL hindcast, 
whose wave parameters are computed from the wave spectrum [7]. These spectral quantities 
were used in the following analysis of the wave energy resource at PacWave. 
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4 WAVE RESOURCE RESULTS 

4.1 Annual histogram of sea state occurrences 

 Figure 2 shows the annual frequency of occurrence of sea states parameterized in terms 

of the significant wave heights, Ὄ , with a resolution of 0.5 m and energy period, Ὕ, with a 

resolution of 1 s as per the IEC specification recommendation. The numbers in each cell represent 

mean annual hours recorded in each specific Ὄ  - Ὕ sea state combination. The shading of the 

cells is an energy flux weighted representation; with the output of particular sea state occurrence 

calculated by πȢυϽὌ Ὕ multiplied by the hours of occurrence. Figure 2 shows the annual mean 

bivariate histogram from 1980-2010 at PacWave South.  

 

Figure 2: Omni-directional SWAN sea-state histogram from 1980-2010 at PacWave South (annual mean conditions) 

At PacWave South, the most commonly occurring seas occur for 528 hours per year with 

a significant wave height of 1.75 m and an energy period of 8.5 s, while the highest annualized 
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wave energy sea state occurs for 231 hours per year at a significant wave height of 2.75 m and 

at an energy period of 10.5 s.  

4.2 Annual wave rose 

 An annual wave rose depicts the long-term joint distribution of the maximum 

directionally resolved wave energy transport ὐ  along the direction of maximum 

directionally resolved energy transport — . Each sea state is represented by a single 

directionally resolved wave power and associated direction. Figure 3 shows the distributions of 

the total maximum directionally resolved wave energy transport in W/m. Each bar combines 

wave headings in a 15° bin, and the length of each color segment represents the annual wave 

energy transport in a given direction. 

 

Figure 3: Directionally resolved SWAN wave rose distribution of wave energy from 1980-2010 at PacWave South 

 The waves come predominately from the west-northwest directions at PacWave South, 

accounting for the majority of the direction of directionally resolved wave energy throughout the 

hindcast.  
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4.3 Annual variation of long-term monthly mean 

The long-term monthly mean of wave resource characteristic parameters required by the 

IEC and are analyzed in the following section. Monthly averages over the years, variations of the 

mean, variation of one standard deviation above and below the mean, and 10th, 50th, and 90th 

percentiles are plotted in order to show the statistical monthly variations. The percentile analysis 

is completed in order to show the limits of the datasets and identify the median. The 10th and 

90th percentiles are used to show the upper and lower limits of the data, and the 50th percentile 

is equivalent to the median of the dataset.    

In a normal distribution, the curve of a dataset is symmetric about the mean, earning the 

ŎƻƳƳƻƴ ǊŜŦŜǊŜƴŎŜ ƻŦ ŀ άōŜll curve.έ If a dataset is skewed, the shape of the distribution has 

asymmetric qualities. Figure 4 offers a visual perspective of skewness in a dataset by comparing 

variously skewed distributions. By comparing the mean and the median of the distribution, it is 

possible to assess the degree of skewness. If the mean value is greater than the median, the 

dataset is positively skewed, meaning that the distribution has the majority of occurrences on 

the lower end of the curve. This is typical of sea state distributions, as more extreme events are 

less frequent. For a detailed review of the extreme wave climate and storms on the Oregon coast, 

refer to Ruggiero et al. (2009) [9].  

 

Figure 4: Skewness can be indicated by the difference of the median (50th percentile) and the mean. Larger differences 

between percentiles and the mean determine the degree to which the distribution is skewed. (CFA, 2020)  
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Figure 5 depicts the trend of significant wave height at PacWave South, demonstrating 

the pattern of seasonal change of the wave characteristics. The mean wave height at the site 

peaks in December at 3.5 m, and steadily falls to a minimum value of 1.75 m in August. In the 

winter, between November and March, the average wave height varies between 3 and 3.5 m, 

and the distribution is more positively skewed as the 90th percentile values correspond to more 

extreme wave height conditions. The summer months, between May and September, stay 

between 1.5 and 2 m, signifying a more normally distributed range of wave heights as the 

percentile values range closer to the mean value. This effect can be described as seasonality, 

where wave heights vary according to different seasons throughout year. Wave heights increase 

as frequency of extreme sea states increases in the winter, while summer months see smaller 

sea states. 

 

Figure 5: Monthly mean of SWAN significant wave height from 1980-2010 at PacWave South 
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As shown in Figure 6, the mean energy period is minimum in the summer months with 

values around 9 s compared to the maximum seen in winter months ranging from 11-12 s. In the 

summer, waves are forced primarily by local winds, inducing high frequency waves indicated by 

the lower wave periods. Energy period peaks in February at 11.3 s and is lowest in July at 8.5 s. 

Wave period is generally normally distributed, which is reflected in Figure 6.  

 

Figure 6: Monthly mean of SWAN wave energy period from 1980-2010 at PacWave South 

  

 

 

 

 

 

 



PacWave Wave Resource Assessment Summer 2020 

 
 

 

 

The omni-directional wave energy transport is shown in Figure 7. The greatest average 

wave energy occurs in the winter months from 70-80 kW/m and stays in this range from 

November through February. This is expected, as winter months have more energetic seas due 

to storms [9]. With storms come extreme sea state events, which cause the large deviations from 

the mean during these months. Summer months see less variation from the mean due to less 

energetic sea states. This is another instance in which the data is positively skewed: the 90th 

percentile values are significantly larger in the winter months and stray from the mean value line, 

whereas summer months have percentile values that are more normally distributed about the 

mean. 

 

Figure 7: Monthly mean of SWAN omni-directional wave energy transport from 1980-2010 at PacWave South 
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Figure 8 shows the maximum directionally resolved wave energy transport. As expected, 

the directionally resolved wave energy transport peaks in the winter months at 75 kW/m and has 

a minimum in the summer at under 20 kW/m. As with the omni-directional wave energy 

transport, the directionally resolved wave energy transport also shows positive skewness in the 

winter and more normally distributed values in the summer. 

 

Figure 8: Monthly mean of maximum directionally resolved SWAN wave energy transport from 1980-2010 at PacWave South 
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 Figure 9 describes the mean direction of the maximum directionally resolved wave energy 

transport. The direction values were adjusted such that the datum was 0  ̄North, and all values 

were measured clockwise (i.e. Nautical direction convention). In doing so, all output values per 

90̄  section of the circle were adjusted to the correct range as if they were originally measured 

from the 0̄  North datum. For example: 180 + (90̄ - —) places measurements as though they were 

taken from 0̄ North. This method ensured that minimal wave values were recorded as if they 

originated from the coast and propagated offshore.  

The slight variation in mean direction over time indicates that the wave field has a narrow 

directional change. The directional data is normally distributed about the mean, with average 

values ranging between 270 and 300 degrees as expected, which can be confirmed by the wave 

rose in Figure 3. 

 

Figure 9: Monthly mean of direction of SWAN directional wave energy transport from 1980-2010 at PacWave South  
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Figure 10 shows that the average directionality coefficient at PacWave South varies 

according to season, similar to the majority of previously evaluated wave characteristics. Recall 

that this plot describes the ratio of ὐ and ὐ . Higher values of directionality coefficient relate 

to a narrow spread of wave directions in that ὐ and ὐ are closer in value; approaching a value 

of 1 indicates that the majority of omni-directional wave energy transport is resolved to a narrow-

band of directions. Since the maximum values of the directionality coefficient are seen in winter 

months, it can be inferred that these months see convergence to a narrower field of directions, 

mainly due to storm dominated sea states. In the summer, the wave field is comprised of both 

wind waves, that propagate in a greater variety of directions, and ocean swells. This is indicated 

by lower values of directionality coefficient from May through September. Overall, the mean 

directionality varies by less than 0.1 throughout the year, indicating a relatively constant 

directional bandwidth.  

 

Figure 10: Monthly mean of SWAN directionality coefficient from 1980-2010 at PacWave South 

When completing an IEC specification for wave energy resource, it is important to 

distinguish the definitions of certain attributes of a wave spectrum. Wave spreading and spectral 

width are similar in that they describe spreading, but these attributes can often become confused 

with one another. Wave spreading itself describes the directional spread of variance density in a 

wave energy spectrum, while spectral width describes the frequency spread of variance density. 

An example of wave energy spreading is shown in Figure 11Σ ǿƘŜǊŜ ŀƴ ŀǊōƛǘǊŀǊȅ ǎǇŜŎǘǊǳƳΩǎ 
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energy is dispersed across a range of directions ς which is wider than often found in nature and 

is purely illustrative. The directional spread of a wave energy spectrum can also be observed in 

wave rose figures similar to that of Figure 3, which details the main directions from which 

directionally resolved wave energy arrives at PacWave South. Directional bandwidth is described 

by directionality coefficient, as explained previously. 

 

Figure 11: Spread of direction of wave energy for an arbitrary spectrum. 

Spectral width is its own parameter recommended for analysis by the IEC, and it varies 

between 0 and 1 based on the sea state most dominant in the spectrum of interest. A swell-

dominated spectrum has a spectral width value that approaches 0, in that its shape has a small 

width at its peak [8]. Wind-wave dominated spectra tend to have a broader range of wave 

conditions, with comparatively large widths at their peaks [8]. Figure 12 aims to lend a visual 

describing spectral width and how the parameter may vary. 
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Figure 12: Comparison between two arbitrary wave energy spectra. The orange line is representative of a swell-dominated 

spectrum, with a spectral width approaching 0. The blue line represents a wind-wave dominated spectrum where its spectral 

width goes to 1. 

  The average spectral width over the hindcast at PacWave South is shown in Figure 13. 

Low spectral width values in the winter months are due to a swell dominated energy spectrum, 

where the parameter is expected to go to 0. Spectral width increases and goes toward a value of 

1 as the wave field variation increases in the summer months, when waves are primarily wind 

driven.  
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Figure 13: Monthly mean of SWAN spectral width from 1980-2010 at PacWave South 

4.4 Monthly cumulative distributions 

 Monthly cumulative distributions are shown for the characterization parameters to detail 

the monthly wave resource. A cumulative probability distribution function (CDF) Ὢὼ must equal 

0 when the line describing the CDF is at negative infinity, indicating a 0% chance occurrence, and 

must approach 1 as the line approached positive infinity, indicating a 100% chance occurrence. 

The steepness of the line indicates the deviations of the data, where a steep curve is indicative 

of a low deviation.  
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Figure 14: Monthly cumulative distributions of SWAN significant wave height from 1980-2010 at PacWave South 

 

Figure 15: Monthly cumulative distributions of SWAN energy period from 1980-2010 at PacWave South 
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Figure 16: Monthly cumulative distributions of SWAN omni-directional wave energy transport from 1980-2010 at PacWave 

South. The x-axis is plotted on a logarithmic scale in order to better exhibit the cumulative distribution. 

 

Figure 17: Monthly cumulative distributions of SWAN maximum directionally resolved wave energy transport from 1980-

2010 at PacWave South. The x-axis is plotted on a logarithmic scale in order to better exhibit the cumulative distribution. 
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Figure 18: Monthly cumulative distributions of SWAN direction of directionally resolved wave energy transport from 1980-

2010 at PacWave South 

 

Figure 19: Monthly cumulative distributions of SWAN directionality coefficient from 1980-2010 at PacWave South 
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Figure 20: Monthly cumulative distributions of SWAN spectral width from 1980-2010 at PacWave South 

  



PacWave Wave Resource Assessment Summer 2020 

 
 

5 TEMPORAL FLUCTUATION OF IEC PARAMETERS 

Temporal fluctuations of wave parameters are included to highlight the interannual 
variability of the variables as well as to demonstrate the agreement between the modeled and 
physically observed data. All plots in Figure 21 show the SWAN calculated parameters from the 
PNNL hindcast at PacWave South in 2010 compared to the physically observed data at NDBC 
station 46050 in 2010 (location described in Section 6). This comparison is also included 
according to the recommendations set by the IEC specification for wave energy resource 
assessments. For a detailed validation of the SWAN hindcast, please see Wu et al., 2020 [5]. 

 In general, the physically observed data at NDBC 46050 agrees with the modeled data 

form the PNNL hindcast. There are instances in the direction of maximum directionally resolved 

wave energy transport plot where NDBC 46050 drops to 0° while the directions in the hindcast 

vary between 250 ° and 300°. Additionally, directionality coefficient for the model varies between 

1 and 0.6 while physically observed directionality coefficient varies between 0.8 and 0.4. Despite 

this, all IEC parameters showed good error statistics in model validation [5], indicating that the 

model has good skill in estimating the IEC parameters. 
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Figure 21: Temporal fluctuation of IEC wave energy parameters for the year 2010. The PNNL hindcast values are 

representative of the values at PacWave South while the NDBC 46050 values were recorded at its associated location. 
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6 WIND EFFECT AT PACWAVE 

 The IEC specification notes that reviewing wind speed and wind direction in the area of 

interest for wave energy conversion is a valuable addition to a wave resource assessment. The 

following section offers a general description of the wind field in the PacWave region.  

While reporting the seven IEC-required spectral wave quantities for a wave energy 

resource assessment is descriptive, uncertainty is introduced in wave power predictions when 

environmental conditions are not adequately taken into account [10]. This effect is under 

investigation, with researchers attempting to provide additional metrics with which to accurately 

describe wave energy resource. Robertson et al. has identified wind speed as an additional 

essential parameter that should be included for a more accurate estimation of wave power [10]. 

Wave theory describes how waves are affected by wind: wave height grows proportionally to 

wind speed and duration, thus affecting the amount of energy available in a sea state (i.e. wind 

generates waves). 

Wind data from National Oceanic and Atmospheric Administration (NOAA) National Buoy 

Data Center (NDBC) stations was analyzed. Wind speed data at NDBC stations is measured by 

averaging windspeed over an 8-minute period at the height of the offshore buoy anemometers, 

which is 4.5 m above sea level ς which is a relevant elevation for most WEC systems. Figure 22 

shows some of the available regional NDBC buoy data in Oregon, Southern Washington, and 

Northern California. The boxed area represents the specific PacWave region and associated NDBC 

stations, further described in Figure 23. 

 

Figure 22: Regional NDBC station locations. Red diamonds indicate stations with no recent data collected, while yellow 

indicates ongoing data collection at the location. The black box denotes the specific location of the PacWave wave energy 

test site and associated NDBC stations. 


























































